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Abstract
Aims/hypothesis Renal GLUT2 is increased in diabetes, thereby enhancing glucose reabsorption and worsening
hyperglycaemia. Here, we determined whether loss of Glut2 (also known as Slc2a2) specifically in the kidneys would reverse
hyperglycaemia and normalise body weight in mouse models of diabetes and obesity.
Methods We used the tamoxifen-inducible CreERT2-Lox system in mice to knockout Glut2 specifically in the kidneys (Ks-
Glut2 KO) to establish the contribution of renal GLUT2 to systemic glucose homeostasis in health and in insulin-dependent as
well as non-insulin-dependent diabetes. We measured circulating glucose and insulin levels in response to OGTT or IVGTT
under different experimental conditions in the Ks-Glut2KO and their control mice. Moreover, we quantified urine glucose levels
to explain the phenotype of the mice independently of insulin actions. We also used a transcription factor array to identify
mechanisms underlying the crosstalk between renal GLUT2 and sodium–glucose cotransporter 2 (SGLT2).
Results The Ks-Glut2KOmice exhibited improved glucose tolerance and massive glucosuria. Interestingly, this improvement in
blood glucose control was eliminated when we knocked out Glut2 in the liver in addition to the kidneys, suggesting that the
improvement is attributable to the lack of renal GLUT2. Remarkably, induction of renal Glut2 deficiency reversed
hyperglycaemia and normalised body weight in mouse models of diabetes and obesity. Longitudinal monitoring of renal glucose
transporters revealed that Sglt2 (also known as Slc5a2) expression was almost abolished 3 weeks after inducing renal Glut2
deficiency. To identify a molecular basis for this crosstalk, we screened for renal transcription factors that were downregulated in
the Ks-Glut2 KOmice. Hnf1α (also known as Hnf1a) was among the genes most downregulated and its recovery restored Sglt2
expression in primary renal proximal tubular cells isolated from the Ks-Glut2 KO mice.
Conclusions/interpretation Altogether, these results demonstrate a novel crosstalk between renal GLUT2 and SGLT2 in regu-
lating systemic glucose homeostasis via glucose reabsorption. Our findings also indicate that inhibiting renal GLUT2 is a
potential therapy for diabetes and obesity.
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Abbreviations
GSIS Glucose-stimulated insulin secretion
HFSD High-fat + sucrose diet
HNF1α Hepatocyte nuclear factor-1α
KO Knockout
Ks-Glut2 KO Glut2 knocked out specifically in the kidneys
SGLT1 Sodium–glucose cotransporter 1
SGLT2 Sodium–glucose cotransporter 2
STZ Streptozotocin
TBST Tris-buffered saline with 0.1% Tween 20

detergent

Introduction

GLUT2 is a major facilitative glucose transporter expressed in
the basolateral membrane of the epithelial cells predominantly in
the liver, kidneys and intestine [1, 2]. It is also present in rodent
beta cells [3, 4]; however, some reports suggest that GLUT2 is
not a major glucose transporter in human beta cells [4, 5].
GLUT2 (also known as SLC2A2) mutations cause Fanconi–
Bickel syndrome [6, 7], which is characterised by glucosemalab-
sorption, glycogen accumulation and renal glucosuria. Although
this syndrome does not cause fasting hyperglycaemia [6, 7], it
may lead to transient neonatal diabetes [8, 9]. This phenotype is
in contrast to that observed in globalGlut2 knockout (KO) mice,
which exhibit overt diabetes [3, 10]. Renal GLUT2 facilitates
most of the glucose reabsorption in concert with sodium–
glucose cotransporter 2 (SGLT2), which is located at the apical
membrane of renal proximal tubular cells and is an established

target in the treatment of diabetes [11–18]. Diabetes increases
renal GLUT2 levels in humans and rodents [19–25], which
further worsens hyperglycaemia because of enhanced glucose
reabsorption. Therefore, blocking renal GLUT2 may ameliorate
hyperglycaemia by interfering with this vicious cycle. Yet, it is
unknown whether loss of function of renal GLUT2 would
adequately elevate glucosuria to reverse hyperglycaemia to the
degree that is accomplished by SGLT2 inhibition [13–18].
Moreover, the physiological contribution of renal GLUT2 to
systemic glucose homeostasis is not completely established.

Previous studies, including those from our laboratory, suggest
that reducing renal GLUT2 may mitigate hyperglycaemia [24,
26–28]. For example, we recently reported that reduction of
GLUT2 levels in the kidneys improves glucose tolerance in
hypothalamus-specific pro-opiomelanocortin (POMC) or
melanocortin 4 receptor (MC4R) KO mice despite obesity and
insulin resistance [27, 28]. Nevertheless, whether lack of renal
GLUT2 would reverse hyperglycaemia in mouse models of
diabetes and obesity remains unknown. To answer this question,
we generated mice in which renalGlut2 can be knocked out at a
desired time using the tamoxifen-inducible CreERT2-Lox
system. Moreover, we produced and characterised a mouse
model that lacks Glut2 in the liver in addition to the kidneys to
further validate the precise contribution of renal GLUT2 in regu-
lating blood glucose relative to other major tissues expressing
this glucose transporter. Besides establishing the physiological
role of renal GLUT2 in systemic glucose homeostasis and its
therapeutic potential in diabetes and obesity in this study, we
investigated whether and how the loss of renal Glut2 affects
the gene expression of other renal glucose transporters.
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Methods

Study design and mouse models All animal procedures were
approved by the Institutional Animal Care and Use
Committee at the University of Rochester, Pennington
Biomedical Research Center, or the University of Alabama
at Birmingham, and were performed according to the US
Public Health Service guidelines for the humane care and
use of experimental animals. Mice were housed in ventilated
cages under controlled temperature (~23°C) and photoperiod
(12 h light–dark cycle, lights on from 06:00 hours to
18:00 hours) conditions with free access to Hydropac water
(Lab Products, USA) and regular laboratory chow (5010;
LabDiet, USA). After genotyping, mice were randomly
assigned to different experimental groups. We used two
mouse lines with their littermate controls in this study:
KspCadCreERT2;Glut2loxP/loxP mice with induced renal Glut2
deficiency; and Ggt1Cre;Glut2loxP/loxP mice with knockout of
Glut2 in the liver in addition to the kidneys.

We generated Glut2loxP/loxP (also known as Slc2a2loxP/loxP)
mice (received from D. McDougal, Pennington Biomedical
Research Center, Baton Rouge, LA, USA) using heterozy-
gous Glut2tm1a(KOMP)Wtsi mice that were produced using ES
cells obtained from the Knockout Mouse Project at the
University of California, Davis (project ID: CSD40514;
MMRRC:065826-UCD). ES cells were microinjected into
albino C57BL/6J mouse blastocysts and the resulting
chimeras were mated with B6(Cg)-Tyrc-2J/J (B6-albino mice,
000058; The Jackson Laboratory, USA) for germline-derived
F1 mice. F1 mice were mated with C57BL/6NTac mice for
colony expansion. These founder mice were crossed with
B6.Cg-Tg(ACTFLPe)9205Dym/J mice (005703; The
Jackson Laboratory), which express the flippase recombinase
to remove the lacZ and neomycin cassettes generating
Glut2loxP/loxP mice (i.e. tm1a > tm1c allele conversion),
which can be used for Cre-mediated Glut2 inactivation
(ESM Fig. 1a). To generate KspCadCreERT2;Glut2loxP/loxP

and their littermate control mice, we first crossed the
Glut2loxP/loxP mice with the KspCadCreERT2 mouse line [29,
30] (received fromD. J. M. Peters, Leiden UniversityMedical
Center, Leiden, the Netherlands), followed by a second gener-
ation of intercrossing between KspCadCreERT2;Glut2loxP/+ and
Glut2loxP/loxP mice. The KspCadCreERT2 mice are validated to
exhibit Cre expression in proximal tubules [29–31], wherein
Glut2 is also expressed predominantly. We used the same
breeding strategy to produce Ggt1Cre;Glut2loxP/loxP mice from
the Ggt1Cre mouse line (012841; The Jackson Laboratory)
resulting in Glut2 knockout in the liver in addition to the
kidneys. All the experimental mice used in this study were
age-matched relative to their corresponding control groups.

We injected tamoxifen (50mg/kg dissolved first in one part
100% ethanol by incubating the mixture at 60°C for 20 min,
followed by addition of nine parts of sesame oil, T5648 and

S3547 [Sigma, USA]) once daily for three consecutive days in
KspCadCreERT2;Glut2loxP/loxP mice to induceGlut2 deficiency
in the kidneys. All of the experiments, except those using a
diet-induced obesity mouse model or noted otherwise, were
completed within 14 days of inducing the Glut2 deficiency.
To produce the mouse model of type 1 diabetes, we adminis-
tered freshly prepared streptozotocin (STZ; 80 mg/kg
dissolved in citric acid–sodium citrate buffer, pH 4.5, i.p.;
S0130; Sigma) once daily for five consecutive days. The mice
exhibited hyperglycaemia (>14 mmol/l glucose) by 24 days
after the first STZ injection. To induce obesity and insulin
resistance in mice used in this study, immediately after
weaning we fed them with high-fat + sucrose diet (HFSD;
D12331; Research Diets, USA), or the regular laboratory
chow to the control group, for 20 weeks and measured their
metabolic variables. After the baseline measurements, we
induced renal Glut2 deficiency and the mice continued to
receive their corresponding diets for an additional 5 weeks.
We measured body weight and food intake of these mice once
a week for the duration of the study. Experimenters were not
blinded to group assignment and outcome assessment. We did
not exclude any data, samples or mice in reporting the results
of this study.

Reverse transcription quantitative PCR An E.Z.N.A kit
(101319-260; Omega, USA) was used to extract total RNA
from the renal cortex, liver or primary renal proximal tubular
cells. We used 500 ng total RNA and random hexamer
primers (1708891; iScript cDNA synthesis kit; BioRad,
USA) to generate cDNA. Reverse transcription quantitative
PCR (RT-qPCR) was performed using a StepOne Real Time
PCR System (Applied Biosystems, USA) and SYBR green
master mix (1725124; BioRad). We used the following
primers: for Glut2 (Slc2a2), 5′-GAA GGA ACT CAG TAC
AGC AGT G-3′ and 5′-TCA TCC ACA TTC AGT ACA
GGA C-3′; for Sglt2 (Slc5a2), 5′-AGT GTC TGT GTA
CAT CAG TGC-3′ and 5′-CAA GAT CTC GGT GGA
TAT GTT CTC-3′; for Glut1 (Slc2a1), 5′-GTG GTG AGT
GTG GAT G-3′ and 5′-AGT TCG GCT ATA ACA CTG
GTG-3′; for Sglt1 (Slc5a1), 5′-CAA TCA GCA CGA GGA
TGA ACA-3′ and 5′-GCT CCT TGA CCT CCA TCT TC-3′;
for Hnf1α (Hnf1a), 5′-AGA GAC CTT GGT GGA GTG T-3′
and 5′-GGC AAA CCA GTT GTA GAC ACG C-3′; for
G6pc, 5′-AGG TCG TGG CTG GAG TCT TGT C-3′ and
5′-GTA GCA GGT AGA ATC CAA GCG C-3′; for Pck1α,
5′-GGC GAT GAC ATT GCC TGG ATG A-3′ and 5′-TGT
CTT CAC TGAGGTGCC AGGA-3′; and forHprt, 5′-AAC
AAA GTC TGG CCT GTA TCC-3′ and 5′-CCC CAA AAT
GGT TAA GGT TGC-3′. All primers were used at a final
concentration of 500 nmol/l. The relative quantity of each
mRNA was calculated from standard curves and normalised
to the internal control Hprt, and then normalised to the mean
of corresponding controls.
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Immunohistochemistry, western blotting, and proteomics
We embedded formalin (10% neutral buffered)-fixed kidneys
in paraffin and cut 5 μm sections with a microtome. We
mounted these sections onto slides for immunohistochemistry.
We had deparaffinised and rehydrated the sections before
incubating them in sodium citrate buffer (pH 6.0) at 95°C in
a water bath for 20 min for antigen retrieval. After the antigen
retrieval step, we rinsed the slides three times (10 min/wash)
in tris-buffered saline with 0.1% Tween 20 detergent (TBST)
buffer and blocked the sections in 10% normal goat serum for
2 h. We then incubated the sections overnight at 4°C with the
following primary antibodies: rabbit anti-GLUT2 (600-401-
GN3 [Rockland Immunochemicals, USA] or ab54460
[Abcam, USA]; 1:500 dilution in TBST); mouse anti-
SGLT2 (sc-393350; Santa Cruz Biotechnology, USA; 1:100
dilution in TBST); or mouse anti-HNF1α (sc-393925; Santa
Cruz Biotechnology; 1:100 dilution in TBST). Following the
incubation period, the sections were washed three times
(10 min/wash) in TBST and then incubated with either
secondary goat-anti-rabbit antibody conjugated to Alexa
Fluor 594 (ab150080; Abcam; 1:1000 dilution in TBST) or
goat-anti-mouse antibody conjugated to Alex Fluro 647
(ab150115; Abcam; 1:1000 dilution in TBST) for 1 h at room
temperature. The sections were washed again three times
(10 min/wash) in TBST and incubated for 1 h with lotus
tetragonolobus lectin (FL-1321-2; Vector Laboratories,
USA; 1:200 dilution in TBST) to label renal proximal tubules.
After this incubation, the sections were washed with TBST
(10 min, one wash) and counterstained with DAPI (D9542;
Sigma; 1 μg/ml) for 1 min. The sections were washed again
with TBST, then the slides were air-dried and coverslipped
using ProLong Antifade mounting medium (P36930;
Molecular Probes, USA). Images were captured using
Keyence fluorescence microscope BZ-X800. We quantified
the images using the NIH ImageJ software, version 1.53n
(https://imagej.nih.gov/ij/download.html).

We performed western blotting to measure renal GLUT2
and hepatocyte nuclear factor-1α (HNF1α) as described
previously [27, 28, 32] using these primary and secondary
antibodies: anti-GLUT2 (600-401-GN3; Rockland
Immunochemicals, USA; 1:2000 dilution in TBST), anti-
HNF1α (89670; Cell Signaling Technology, USA; 1:2000
dilution in TBST) and anti-rabbit secondary antibody
(NA934; GE Healthcare, USA; 1:5000 dilution in TBST).
We had either cut the blots horizontally just above ~80 KDa
to examine the internal control at the same time as the proteins
of interest on the same membrane or we had stripped the blots
to remove antibodies after imaging proteins of interest and
used the same blots for probing the internal control. We used
ECL substrate (34095; Thermo Fisher Scientific, USA) to
produce luminescence that was recorded on a BioRad imaging
system.

We used proteomics assay to validate the results obtained
from the antibodies mentioned above and to further confirm
the deficiency of renal GLUT2 protein in our new mouse
model. Renal cortical trypsin-digested peptides, obtained from
control and experimental mice, were injected onto a home-
made 30 cm C18 column with 1.8 µm beads (Sepax, USA),
with an Easy nLC-1200 HPLC (Thermo Fisher Scientific),
connected to a Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific). Raw data was searched using the
SEQUEST search engine within the Proteome Discoverer
software platform, version 2.4 (Thermo Fisher Scientific),
using the SwissProtmus musculus database. TheMinora node
was used to determine relative protein abundance between the
samples using the Summed Abundance default settings.
Percolator was used as the false discovery rate (FDR) calcu-
lator, filtering out peptides which had a q value greater than
0.01.

Primary mouse renal proximal tubular epithelial cells We
isolated primary proximal tubular epithelial cells from mice
with Glut2 knocked out specifically in the kidneys (Ks-Glut2
KO mice) and their littermate controls using a published
protocol [33]. We cultured the cells in collagen-coated six-
well plates (106 cells/well; A1142801; Thermo Fisher
Scientific, USA) in renal epithelial cell basal medium (PCS-
400-030; ATCC, USA) supplemented with the renal epithelial
cell growth kit (PCS-400-040; ATCC). Two days after initi-
ating the culture of these cells, we used them for either gene
expression measurements or glucose transport assay.

For gene expression studies, we transfected the cells with
Hnf1α-expressing plasmid (MC202766; OriGene
Technologies, USA), control plasmid (PCMV6KN; OriGene
Technologies) or Glut2-expressing plasmid (MG208388;
OriGene Technologies) using TurboFectin transfection
reagent (TF81001; OriGene Technologies) according to the
manufacturer’s protocol. Three days after the transfection,
we extracted the RNA and used RT-qPCR to measure the
mRNA levels of Glut2, Sglt2 and Hnf1α.

Glucose transport assay We measured renal GLUT2 activity
using a glucose transport assay. For this assay, we cultured the
primary mouse renal proximal tubular epithelial cells in hang-
ing inserts (MCRP24H48; Millipore, USA) as previously
described [28]. We incubated the cells with Hank’s balanced
salt solution containing [13C6]glucose (5 mmol/l) in the pres-
ence or absence of the GLUT2 inhibitor phloretin (1mmol/l in
1:1 DMSO/PBS; 14452; Cayman Chemical, USA). We then
measured the labelled glucose at the basolateral (bottom) side
of the cells at different times. The University of Rochester
Mass Spectrometry Resource Laboratory measured 13C6

glucose by LC-MS assay using a Shonex HILICpak VG-50
2D column.
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OGTT, ITT and in vivo glucose-stimulated insulin secretion
assay We performed OGTTs in mice fasted overnight
(18:00–08:00 hours) or for 6 h (08:00–14:00 hours). For
ITTs we fasted mice for 6 h (08:00–14:00 hours). On the
day of the experiments we measured their baseline blood
glucose levels (tail-vein blood; AlphaTRAK 2 glucometer;
Zoetis, USA) at 0 min and administered glucose by oral
gavage (100 mg/mouse in 300 μl 0.9% wt/vol. saline
[154 mmol/l NaCl]; G8270; Sigma) or insulin by i.p. injection
(15 mU/mouse; Humulin R; Eli Lilly, USA), followed by
measurements of blood glucose levels at 15, 30, 60 and
120min. In mice with STZ-induced diabetes, we administered
only 15 mg glucose/mouse to assess glucose tolerance
because a higher dose would have increased blood glucose
levels beyond the sensitivity of the assay range due to this
model’s hyperglycaemia at baseline. To calculate the total
AUC for the glucose measurements, we used the trapezoidal
rule.

To assess glucose-stimulated insulin secretion (GSIS) in
KspCadCreERT2;Glut2loxP/loxP mice and their littermate
controls, we cannulated the carotid artery and jugular vein to
administer glucose and collect blood in freely moving awake
mice [27]. After the mice recovered from the surgery over a
period of 3–5 days, on the day of the experiment, we fasted
mice for 6 h (08:00–14:00 hours) and administered an i.v.
bolus of 60 mg of glucose. After the glucose administration
we measured blood glucose and insulin levels at different
times. For GSIS assay in Ggt1Cre;Glut2loxP/loxP mice and their
control littermates, we fasted mice for 6 h and collected tail
blood using capillary tubes (22-362-566; Fisherbrand, USA)
at baseline and at 20 min after oral challenge with 100 mg
glucose.

For glucose tolerance studies involving the SGLT2 inhib-
itor dapagliflozin, we administered the drug by i.p. injection
(5 mg/kg dissolved in 300 μl 0.9% wt/vol. saline; 11574;
Cayman Chemical) 30 min prior to the GTTs.

Urine glucose, sodium and creatinine assaysWe placed mice
individually in metabolic cages (Tecniplast, USA) and
allowed them to acclimate to the cages for 3–5 days before
collecting their 24 h urine under different experimental condi-
tions. We used colorimetric assays to measure glucose
(10009582; Cayman Chemical), sodium (MAK247; Sigma)
and creatinine (500701; Cayman Chemical) levels in the urine
according to the manufacturers’ protocols.

For urine glucose studies involving dapagliflozin, we
administered the drug by i.p. injection (5 mg/kg dissolved in
300 μl 0.9% wt/vol. saline) twice a day (09:00 and
17:00 hours) and collected urine 24 h after the first injection.

Plasma or serum measurements We collected the mouse
trunk blood between 14:00 and 15:00 hours on the day of

the experiments to obtain serum from mice in all the experi-
mental groups. For plasma, we used heparinised capillary
tubes (22-362-566; Fisherbrand) to draw tail-vein blood from
the mice used in this study. We centrifuged the blood at
2000 g at 4°C for 20 min to separate plasma or serum from
whole blood. We measured plasma insulin (90080; Crystal
Chem, USA) and serum glucagon (81518; Crystal Chem)
levels by ELISA. Serum creatinine (700460; Cayman
Chemical), β-hydroxybutyrate (700190; Cayman Chemical)
and NEFA (ab65341; Abcam) were measured by colorimetric
assays. The absorbance was measured using a spectrophotom-
eter as per the manufacturer’s instructions (Epoch, BioTek,
USA).

GFR, glomerular area and urine pH GFR in conscious mice
was measured using a transdermal FITC–sinistrin clearance
method [34] at the University of Alabama at Birmingham
O’Brien Center. Mice were anaesthetised with isoflurane
and FITC–sinistrin (MediBeacon, USA) solution injected
via the tail vein. Data were analysed using MB Studio version
2.1 (MediBeacon). A three-compartment model with linear
baseline correction term (CP3L) was used to provide best fit
results, as relating to t½measurements. The FITC–sinistrin t½
(in min) was converted to GFR (in μl/min) and normalised for
individual mouse body weight.

For measuring the glomerular area, we used 5 μm kidney
sections obtained from formalin-fixed paraffin embedded
mouse kidneys. The sections were stained with H&E.
Images of the sections were captured using an Olympus
microscope with ×20 objective lens and analysed using the
NIH ImageJ software version 1.53n, https://imagej.nih.gov/
ij/download.html.

We measured urine pH using an electronic high resolution
pH meter (HI2020-01; Hanna Instruments, USA).

PCR array For PCR array, the cDNA was mixed with
nuclease-free water and SYBR Green master mix to prepare
PCR components mix. We added 25 μl of the components
mix to each well of the mouse transcription factors PCR array
plate (PAMM-075ZC; Qiagen, USA) and performed RT-
qPCR as described above. The relative gene expression was

calculated using the 2−ΔΔCt method as per the manufacturer’s
instructions. We used β-actin as an internal control for the
quantification of target genes.

Statistical analysesAll data are presented asmean ± SEM and
were analysed by two-tailed Student’s paired or unpaired t
test, one-way ANOVA or two-way ANOVA followed by a
Bonferroni post hoc multiple comparison test when appropri-
ate. All analyses were performed using Prism version 8.0.1
(GraphPad, USA) and differences were considered statistical-
ly significant at p<0.05.
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Results

Generation and validation of mice showing inducible kidney-
specific loss of Glut2 We crossed the mouse line expressing
tamoxifen-inducible Cre recombinase under the control of
kidney-specific cadherin gene (KspCadCreERT2) [29] with
Glu t 2 l o x P / l o x P m i c e (ESM F i g . 1 a ) t o o b t a i n

KspCadCreERT2;Glut2loxP/loxP mice. The KspCadCreERT2

mouse line is well characterised for inducing gene modifica-
tions specific to the kidney, including proximal tubules where
Glut2 is predominantly present, using the Cre-Lox system
[29–31]. We observed that the KspCadCreERT2;Glut2loxP/loxP

mice exhibited deficiency of renal Glut2 gene and GLUT2
protein as well as reduced glucose transport activity compared
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Fig. 1 Validation of inducible kidney-specific loss of Glut2 in mice. (a)
Representative genotypes of mice used in this study. Glut2loxP mouse
model: Glut2loxP heterozygous (705 and 566 bp); Glut2loxP homozygous
(705 bp). KspCadCreERT2 mouse model: KspCadCreERT2 heterozygous
(700 bp); WT (no band). (b–e) Expression of renal cortical and hepatic
Glut2 (b), and immunofluorescence staining of renal GLUT2 and SGLT2
(c), together with their quantification (d, e). Scale bar, 100 μm. (f–h)

Expression of renal Sglt2 (f), Glut1 (g) and Sglt1 (h). Data are shown as
means ± SEM for 8- to 12-week-old male mice within 14 days of induc-
ing renalGlut2 deficiency, n = 5–7. ***p<0.001 vs Ctrl group (one-way
ANOVA followed by Bonferroni’s post hoc test or two-tailed unpaired
Student’s t test). Ctrl, control group; Het, heterozygous; Hom, homozy-
gous; LTL, Lotus tetragonolobus lectin, a marker of renal proximal
tubules; NC, negative control; WT, wild-type
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with their littermate controls (KspCadCreERT2 orGlut2loxP/loxP)
following the administration of tamoxifen, without Glut2
expression in the liver being affected (male mice, Fig. 1a–d
and ESMFig. 1b,c; female mice, ESMFig. 2a). Moreover, the
expression of other renal cortical glucose transporters in the
experimental group was not different from that in the control
group within 14 days of inducing the Glut2 deficiency (male
mice, Fig. 1c,e–h; female mice, ESM Fig. 2b–d). Overall, we
have validated tamoxifen-inducible lack of Glut2 specifically
in the kidneys (Ks-Glut2 KO) in the new mouse model.

Ks-Glut2 KO mice exhibit improved glucose tolerance and
intense glucosuria The Ks-Glut2 KO mice had normal body
weight, fasting blood glucose levels, and improved glucose
tolerance (male mice, Fig. 2a–c; female mice, ESM Fig. 2e,f)
without any changes in GSIS or insulin sensitivity (male mice,

Fig. 2d,e; female mice, ESMFig. 2g). The KOmice manifested
polyuria and massive glucosuria (male mice, Fig. 2f–h; female
mice, ESM Fig. 2h–j). Urine glucose concentration (Fig. 2f and
ESMFig. 2h) and urine volume (Fig. 2g and ESMFig. 2i) were
used to calculate the total amount of glucose excreted in 24 h
(Fig. 2h and ESM Fig. 2j). Moreover, the Ks-Glut2 KO mice
exhibited polydipsia, natriuresis and reduced amount of urine
creatinine compared with their littermate controls (ESM Fig.
3a–c) without any changes in food intake (control mice, 4.1 ±
0.3 g/day; Ks-Glut2 KO mice, 3.9 ± 0.2 g/day). Together,
these results demonstrate the physiological contribution of
renal GLUT2 in regulating systemic glucose homeostasis by
glucosuria.

The Ks-Glut2 KO mice had normal serum glucagon, β-
hydroxybutyrate, NEFA and creatinine levels (ESM Fig. 3d–
g). Moreover, of the two major enzymes involved in hepatic
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Fig. 2 Lack of renal Glut2 improves glucose tolerance and elevates
glucosuria in mice. (a) Body weight. (b) Blood glucose levels during
OGTT, with corresponding AUC. (c) Blood glucose levels during
IVGTT. (d) Plasma insulin levels during GSIS. (e) Blood glucose levels
during ITT, with corresponding AUC. (f) 24 h urine glucose concentra-
tion. (g) 24 h urine volume. (h) 24 h amount of glucose in urine. Data are

shown as means ± SEM for 8- to 12-week-old male mice within 14 days
of inducing renal Glut2 deficiency, n = 5–7. **p<0.01 and ***p<0.001
vs Ctrl group (two-tailed unpaired Student’s t test or repeated measures
two-way ANOVA followed by Bonferroni’s multiple comparison test).
Ctrl, control group
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gluconeogenesis (Pck1 and G6pc), only G6pc mRNA was
elevated in the Ks-Glut2 KO mice (ESM Fig. 4a,b), indicating
that increased gluconeogenesis by G6pc was likely to be one of
the sources of endogenous glucose that makes up for the loss of
glucose in urine. TheKOmice had normal GFR, glomerular area
and urine pH (ESM Fig. 4c–i), as well as normal kidney weights
(both the kidneys combined: control mice, 12 ± 0.2 mg/g body
weight; KOmice, 12.8 ± 0.2 mg/g body weight), suggesting the
absence of any general renal dysfunction or pathology in these
mice.

Mice lacking Glut2 in the liver in addition to the kidneys do
not show improved glucose tolerance despite elevated
glucosuria To define and validate the precise contribution of
renal GLUT2 to glucose homeostasis relative to the role of
other major tissues that also express this glucose transporter,
we generated a mouse model that exhibited Glut2 deficiency
in the kidneys and the liver simultaneously by breeding
Ggt1Cre with theGlut2loxP/loxP mice.We had validated the loss
of Glut2 in the liver and renal cortex in Ggt1Cre;Glut2loxP/loxP

mice (Fig. 3a,b).
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Fig. 3 Mice lacking Glut2 in the liver in addition to the kidneys show
impaired glucose tolerance despite elevated glucosuria. (a)
Representative genotypes of mice used in this study. Glut2loxP mouse
model: Glut2loxP heterozygous (705 and 566 bp); and Glut2loxP homozy-
gous (705 bp).Ggt1Cre mouse model:Ggt1Cre homozygous (100 bp); and
WT (no band). (b) Renal cortical and hepaticGlut2 expression. (c) Blood
glucose levels during OGTT, with corresponding AUC. (d) 24 h urine
glucose concentration. (e) 24 h urine volume. (f) 24 h amount of glucose

in urine. (g) Plasma insulin levels during oral glucose challenge. (h)
Serum glucagon levels. Data are shown as means ± SEM for 8- to 12-
week-old male mice, n = 4–6. *p<0.05 and ***p<0.001 vs Ctrl group
(two-tailed unpaired Student’s t test, or one-way ANOVA or repeated
measures two-way ANOVA followed by Bonferroni’s multiple
comparison test). Ctrl, control group; Het, heterozygous; Hom, homo-
zygous; K+L Glut2 KO, mice with Glut2 deficiency in the kidneys and
liver; NC, negative control; PC, positive control; WT, wild-type
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The mice with Glut2 deficiency in the kidneys and liver
(K+L Glut2 KO) showed impaired glucose tolerance despite
massive glucosuria and associated polyuria (male mice, Fig.
3c–f; female mice, ESM Fig. 5a–d). Reduced GSIS (male
mice, Fig. 3g; female mice, ESM Fig. 5e) in the K+L Glut2
KO mice may explain the impairment in their glucose toler-
ance. Moreover, the K+L Glut2 KO mice had higher serum
glucagon levels (male mice, Fig. 3h; female mice, ESM Fig.
5f), which may have further contributed to their impaired
glucose tolerance. These findings reveal the differential phys-
iological contribution of tissue-specific GLUT2 in systemic
glucose homeostasis.

Lack of renal Glut2 reverses hyperglycaemia, improves
glucose tolerance and normalises body weight in mouse
models of diabetes and obesity In a longitudinal study using
mouse models of STZ-induced type 1 diabetes, we
observed that Ks-Glut2 KO mice recovered from STZ-
induced hyperglycaemia independently of changes in body
weight (Fig. 4a,b) and displayed more severe glucosuria
and polyuria (Fig. 4c–e) compared with their control litter-
mates. Notably, the control mice with STZ-induced
hyperglycaemia displayed increased renal Glut2 expression
(Fig. 4f) but reduced Sglt2 mRNA levels (Fig. 4g)
compared with the mice that did not receive STZ. These
results, which agree with findings from previous studies
[19–24, 35], suggest that the reduced renal Sglt2 could be
a compensatory response to suppress glucose reabsorption
in diabetes. Despite this decrease in renal Sglt2, it was only
after induction of renal Glut2 deficiency that the STZ-
induced hyperglycaemia was reversed.

In the HFSD-induced obesity model, we observed that
renal Glut2 deficiency normalised body weight (Fig. 4h),
reduced the weight of epididymal fat (Fig. 4i), restored
fasting blood glucose and plasma insulin levels, and
improved glucose tolerance (Fig. 4j-l) likely via elevated
glucosuria (Fig. 4m–o). The renal Glut2 deficiency did not
change food intake (control mice fed HFSD, 2.4 ± 0.02 g/
day; Ks-Glut2 KO mice fed HFSD, 2.3 ± 0.1 g/day), indi-
cating that the reversal of obesity was not due to decreased
food consumption. Like STZ, HFSD also increased renal
Glut2 (control diet, 100 ± 15%; HFSD, 141 ± 9% of the
control; p<0.05) and reduced Sglt2 (control diet, 100 ± 6%;
HFSD, 72 ± 8% of the control; p<0.05) mRNA levels,
again indicating the importance of inhibiting renal
GLUT2 to counteract the enhanced glucose reabsorption
caused by diabetes or obesity. At the end of the study, we
did verify tamoxifen-induced loss of renal Glut2 (control
mice fed HFSD, 100 ± 14%; Ks-Glut2KOmice fed HFSD,
7 ± 1% of the con t ro l ; p<0.001) in HFSD-fed
KspCadCreERT2;Glut2loxP/loxP mice. Collectively, these
findings justify the need for blocking renal GLUT2 for the
treatment of diabetes and obesity.

SGLT2 inhibition further improves blood glucose control in
Ks-Glut2 KO mice Dapagliflozin (5 mg/kg, administered by
i.p. injection 30 min prior to OGTT) further improved
glucose clearance and enhanced glucosuria in the Ks-
Glut2 KO mice (Fig. 5a–d). Based on these promising
results, we also evaluated the effects of SGLT2 inhibition
on glucose tolerance in Ks-Glut2 KOmice with either STZ-
induced insulin deficiency or HFSD-mediated insulin resis-
tance as described in the longitudinal study mentioned
above. Interestingly, dapagliflozin further improved
glucose tolerance in these insulin-deficient (Fig. 5e) or
insulin-resistant Ks-Glut2 KO mice (Fig. 5f). Moreover,
dapagliflozin (5 mg/kg by i.p. injection at 09:00 and
17:00 hours) increased polyuria, which elevated the total
amount of glucose excreted in urine in the Ks-Glut2 KO
mice (Fig. 5g–i). These findings suggest that combined
inhibition of SGLT2 and renal GLUT2 may achieve opti-
mal blood glucose control in diabetes.

Long-term renal Glut2 deficiency almost eliminates Sglt2
expression via downregulating hepatocyte nuclear factor 1-α
To determine the long-term effects of renal Glut2 deficien-
cy on other renal glucose transporters, we measured their
expressions 3 weeks after knocking out renal Glut2.
Unexpectedly, this long-term renal Glut2 deficiency
dramatically reduced Sglt2 gene and SGLT2 protein levels
(male mice, Fig. 6a–d; female mice, ESM Fig. 6a,b); Sglt1
was decreased by about 20% without Glut1 levels being
affected (male mice, Fig. 6e,f; female mice, ESM Fig.
6c,d). We had also verified these striking findings using
proteomics (ESM Table 1), which showed that there was
about 70–80% decrease in renal cortical GLUT2 and
SGLT2 as well as no change in GLUT1 and sodium–
glucose cotransporter 1 (SGLT1) levels. Therefore, the
Ks-Glut2 KO mice could be utilised as a Ks-Glut2 and -
Sglt2 double KO mouse model 3 weeks after inducing renal
Glut2 deficiency.

To identify the molecular mechanisms underlying the
crosstalk between renalGlut2 and Sglt2, we used a PCR array
to screen for renal mouse transcription factors that are down-
regulated in Ks-Glut2KOmice. We observed that a few genes
were downregulated by 40–50% (ESM Table 2). Among
these genes, Hnf1α seemed a likely mediator of the crosstalk
between renal GLUT2 and SGLT2 because of its known role
in controlling Sglt2 expression [36–38]. We validated the
downregulation of renal Hnf1α gene and protein in Ks-
Glut2 KO mice using RT-qPCR, immunohistochemistry and
western blotting (male mice, Fig. 6g–i and ESM Fig. 6e;
female mice, ESM Fig. 6f). Notably, short-term (within
14 days) renal Glut2 deficiency did not affect renal Hnf1α
mRNA levels (control mice, 100 ± 18%; Ks-Glut2 KOmice,
82 ± 14% of control; n = 6). To verify whether recovery of
renalHnf1αwould restore Sglt2 and whether re-expression of
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renal Glut2 would normalise renal Hnf1α as well as Sglt2, we
transfected primary renal proximal tubular epithelial cells
isolated from Ks-Glut2KOmice (21 days after inducing renal
Glut2 deficiency) with Hnf1α- or Glut2-expressing plasmids.
By the third day of the transfections, Sglt2 was restored in

Hnf1α-expressing Glut2-deficient cells, and both Sglt2 and
Hnf1α were recovered in the cells transfected with Glut2
(Fig. 6j). These results demonstrate the contribution of renal
Hnf1α to mediating the crosstalk between renal GLUT2 and
SGLT2.
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Discussion

Here, we have established the physiological contribution of
renal GLUT2 to systemic glucose homeostasis using induc-
ible Ks-Glut2 KO mice. The KO mice exhibited improved
glucose tolerance independently of changes in insulin secre-
tion or sensitivity. Moreover, the KO mice recovered from
hyperglycaemia in a model of insulin-dependent diabetes
within a week after inducing renal Glut2 deficiency. In a
model of diet-induced insulin resistance, renal Glut2 deficien-
cy normalised glucose tolerance and reversed obesity. We
have also identified a novel crosstalk between renal GLUT2
and SGLT2 via the transcription factor HNF1α.

Although GLUT2 is a major glucose transporter in the
kidneys, its contribution to systemic glucose homeostasis is
not well defined. Previous reports [24, 26], including some
from our laboratory [27, 28, 32], have indicated the therapeu-
tic potential of blocking renal GLUT2 in improving blood
glucose control through elevated glucosuria. We recently
demonstrated that, despite obesity and insulin resistance,
hypothalamus-specific Pomc and Mc4r KO mice exhibit
improved glucose tolerance probably because of reduced renal
GLUT2 and consequent elevated glucosuria [27, 28, 32].
Based on these findings, we produced Ks-Glut2 KO mice
and assessed their glucose homeostasis in this current study.
The KO mice exhibited massive glucosuria and improved
glucose tolerance probably because of reduced glucose reab-
sorption owing to the lack of renal Glut2. Moreover, these
mice exhibited normal circulating glucagon, NEFA and β-
hydroxybutyrate. This phenotype strongly contrasts with that

of globalGlut2 KOmice, which show impaired insulin secre-
tion and have elevated plasma levels of glucagon, NEFA and
β-hydroxybutyrate [3]. These differences demonstrate the
precise contribution of renal GLUT2 to systemic glucose
homeostasis, and the lack of effect on other physiological
variables that would otherwise have been changed due to
global GLUT2 deficiency. Remarkably, the beneficial effects
of renal Glut2 deficiency were abolished when we knocked
out Glut2 in the liver in addition to the kidneys. These results
support previous findings that hepatic Glut2 deficiency
impairs glucose homeostasis [39]. Overall, our present study
highlights the differential tissue-specific contribution of
GLUT2 to systemic glucose homeostasis.

Diabetes increases renal GLUT2 in humans and rodents
[19–25], an effect that we have also validated in this present
study, thereby enhancing glucose reabsorption and worsening
hyperglycaemia. Hence, inhibiting GLUT2 specifically in the
kidneys would likely break this vicious cycle and could
reverse hyperglycaemia by elevating glucosuria. Indeed, in
the present study we observed that inducing Glut2 deficiency
in the kidneys reversed hyperglycaemia in a mouse model of
type 1 diabetes and normalised glucose tolerance as well as
body weight in a mouse model of diet-induced obesity. These
findings provide preclinical evidence that inhibiting renal
GLUT2 can reverse diabetes and obesity.

SGLT2 inhibition is an established therapy for treating
diabetes [13–18]. However, SGLT2 inhibitors reduce glucose
reabsorption by only 30–50%, probably because of the
compensation of SGLT1 in the S3 segment, accomplished
by GLUT2 or GLUT1 in the basolateral membrane [11,
40–42]. Hence, inhibiting renal GLUT2 may overcome this
limitation of SGLT2 inhibitors. Sglt2 KO mice exhibit
massive glucosuria and improved glucose tolerance [12, 18].
In the present study, we show that Ks-Glut2 KO mice also
display a similar degree of glucosuria and improved glucose
tolerance, illustrating that renal GLUT2 is as significant as
SGLT2 in influencing systemic glucose homeostasis by regu-
lating glucosuria. SGLT2 inhibition increases circulating
glucagon, β-hydroxybutyrate and NEFA, causing serious
ketoacidosis [43–45]. However, we did not observe these
changes or ketoacidosis in Ks-Glut2KOmice. These contrast-
ing results indicate that distinct neurohumoral pathways may
be involved in either increasing glucose production or
utilisation of alternative sources of energy in response to the
loss of glucose in urine mediated by blocking the two different
glucose transporters. Dapagliflozin further improved glucose
tolerance and elevated glucosuria in Ks-Glut2KOmice in the
presence and absence of diabetes. These findings suggest that
combined inhibition of renal GLUT2 and SGLT2 may yield
optimal glucose control in diabetes.

Here, we have also identified a previously unknown
crosstalk between renal GLUT2 and SGLT2. We have
demonstrated that renal Glut2 deficiency in the long term

�Fig. 4 Renal Glut2 deficiency reverses hyperglycaemia and normalises
body weight in mouse models of diabetes and obesity. (a) Fasting blood
glucose levels at baseline, after inducing type 1 diabetes by STZ and on
the seventh day after knocking out renalGlut2 by tamoxifen. (b–e) Body
weight (b), 24 h urine glucose concentration (c), 24 h urine volume (d)
and 24 h amount of glucose in urine (e) in 8- to 12-week-old female mice
with STZ-induced type 1 diabetes before, and on the 12th day after,
knocking out renal Glut2 using tamoxifen. (f, g) Expression of renal
Glut2 (f) and Sglt2 (g) in female mice with STZ-induced type 1
diabetes before, and on the 14th day after, knocking out renal Glut2. (h)
Changes in body weight during 25 weeks of regular diet or HFSD
feeding. (i) Changes in the weight of epididymal adipose tissue 4 weeks
after inducing renal Glut2 deficiency. (j, k) Blood glucose levels during
OGTT at 1 week pre-renal Glut2 deficiency (j) and on the fifth day post-
renal Glut2 deficiency (k). (l) Plasma insulin levels 3 days before and on
eighth day after renal Glut2 deficiency. (m–o) 24 h urine glucose
concentration (m), 24 h urine volume (n) and 24 h amount of glucose
in urine (o) on the tenth day after inducing renalGlut2 deficiency in male
mice fed a regular diet or HFSD. Data are shown as means ± SEM, n = 5.
*p<0.05 and ***p<0.001 vs baseline (a) or Ctrl + Sal (f, g); †p<0.05 and
†††p<0.001 vs STZ (a) or Ctrl + STZ (c–f); ‡p<0.05, ‡‡p<0.01 and
‡‡‡p<0.001 vs Ctrl + RD; §p<0.05, §§p<0.01 and §§§p<0.001 vs Ctrl +
HFSD; (two-tailed unpaired Student’s t test, or one-way ANOVA or
repeated measures two-way ANOVA followed by Bonferroni’s
multiple comparison test). Ctrl, control Glut2loxP/loxP mice; RD, regular
diet; TAM, tamoxifen
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Fig. 5 Dapagliflozin improves glucose tolerance in the absence and pres-
ence of diabetes in mice lacking renal Glut2. (a) Blood glucose levels
during OGTT, with corresponding AUC, in 8- to 12-week-old female
mice on the seventh day after inducing renal Glut2 deficiency. (b–d)
24 h urine glucose concentration (b), 24 h urine volume (c) and 24 h
amount of glucose in urine (d) on the 12th day after inducing renal
Glut2 deficiency in 8- to 12-week-old female mice. (e) Blood glucose
levels during OGTT, with corresponding AUC, on the eighth day after
inducing renal Glut2 deficiency in 8-week-old female mice with STZ-
induced type 1 diabetes. (f–i) Blood glucose levels during OGTT, with

corresponding AUC (f), 24 h urine glucose concentration (g), 24 h urine
volume (h) and 24 h amount of glucose in urine (i) on the 14th day after
inducing renal Glut2 deficiency in HFSD-fed mice. Data are shown as
means ± SEM, n = 5 or 6. *p<0.05, **p<0.01 and ***p<0.001 vs Ctrl +
Sal; †p<0.05, ††p<0.01 and †††p<0.001 vs Ctrl + DAPA; ‡p<0.05,
‡‡p<0.01 and ‡‡‡p<0.001 vs Ks-Glut2 KO + Sal; §p<0.05, §§p<0.01
and §§§p<0.001 vs Ctrl + HFSD + Sal; ¶p<0.05 and ¶¶p<0.01 vs Ctrl +
HFSD + DAPA; ¥p<0.05 and ¥¥ p<0.01 vs Ks-Glut2 KO + HFSD +Sal;
(repeated measures two-way ANOVA followed by Bonferroni’s multiple
comparison test). Ctrl, control group; DAPA, dapagliflozin; Sal, saline
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Fig. 6 Long-term renal Glut2 deficiency almost abolishes the expression
of Sglt2 by downregulating Hnf1α. (a, b) Expression of renal cortical
Glut2 (a) and Sglt2 (b). (c, d) Immunofluorescence staining of renal
SGLT2, with its quantification. Scale bar, 100 μm. (e–i) Expression of
renal corticalGlut1 (e), Sglt1 (f) andHnf1α (g), and immunofluorescence
staining of renal HNF1α as well as its quantification (h, i), on the 21st day
following renal Glut2 deficiency in 8- to 12-week-old male mice. Scale
bar, 100 μm. (j) mRNA levels ofHnf1α, Sglt2 andGlut2 in primary renal
proximal tubular epithelial cells isolated from 8- to 12-week-old male
control (Glut2loxP/loxP) mice, or mice with kidney-specific loss of Glut2

(Ks-Glut2KO) on the 21st day following renalGlut2 deficiency. Data are
shown as means ± SEM, n = 5 or 6. ***p<0.001 vs Ctrl; ‡‡‡p<0.001 vs
Ks-Glut2 KO + Glut2; †††p<0.001 vs Ks-Glut2 KO + control plasmid
group (two-tailed unpaired Student’s t test or two-way ANOVA followed
by Bonferroni’s multiple comparison test). Ctrl, control Glut2loxP/loxP

group; HNF1α, hepatocyte nuclear factor-1α; Ks-Glut2 KO, Glut2
knocked out specifically in the kidneys; Ks-Glut2 KO + Hnf1α or
Glut2, primary renal proximal tubular epithelial cells isolated from Ks-
Glut2KOmice and transfectedwithHnf1α orGlut2 expressing plasmids;
LTL, Lotus tetragonolobus lectin, a marker of renal proximal tubules
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almost abolished the expression of Sglt2 via downregulating
the transcription factor HNF1α. This crosstalk may be clini-
cally significant because HNF1α mutations in humans cause
elevated glucosuria [36, 46] and monogenic diabetes [46, 47].
Previous studies have demonstrated that Hnf1α regulates
Sglt2 expression [36–38]. Therefore, based on these reports
and our findings from the current study, elevated glucosuria in
individuals with HNF1α mutations could be attributed to
HNF1α deficiency in the kidneys, and defective insulin secre-
tion could be a result of the lack of HNF1α in beta cells [46].
The crosstalk between HNF1α and SGLT2 may also explain
why SGLT2 inhibition produces a higher degree of glucosuria
in individuals with HNF1α mutations than in those with type
2 diabetes [48]. Collectively, our present study indicates that
genetic silencing of renal Glut2 would also almost eliminate
the expression of Sglt2 by downregulating Hnf1α.

This study has some limitations. We did not comprehensive-
ly investigate why K+L Glut2 KO mice display impaired
glucose tolerance despite elevated glucosuria. We did report
that increased glucagon and defective GSIS in these mice could
have contributed to their impaired glucose tolerance, although
other developmental factors arising from hepatic Glut2 defi-
ciency since birth may also have negatively affected glucose
homeostasis in these mice. While we have demonstrated in the
present study that loss of function of renal Glut2 in the long-
term almost abolishes Sglt2 expression via downregulation of
renal Hnf1α, it remains unclear whether the reverse is true (i.e.
whether genetic Sglt2 deficiency would eliminate the expres-
sion ofGlut2). Sglt2 null mice have normal renalGlut2 expres-
sion at a specific age [12] but this outcome may change over
time based on our observation in the present study that renal
Glut2 deficiency causes a progressive decrease in renal Sglt2
expression. Although we had observed that renal Glut2 defi-
ciency reversed diet-induced obesity, precise mechanisms
underlying this phenotype remain unclear. The loss of energy
through elevated glucosuria is one contributing factor to revers-
ing the obesity but other mechanisms [49–51] such as enhanced
lipolysis, increased energy expenditure and/or reduced inflam-
mation in normalising body weight in Ks-Glut2 KO mice need
further investigation.

Altogether, findings from this study demonstrate that
inhibiting renal GLUT2 can reverse hyperglycaemia and
obesity in mice. Moreover, combined inhibition of renal
GLUT2 and SGLT2 may achieve optimal blood glucose
control in diabetes. We have also uncovered a novel crosstalk
between renal GLUT2 and SGLT2 via the transcription factor
HNF1α, which raises the possibility that some of the clinical
features of Fanconi–Bickel syndromemay be secondary to the
downregulation of HNF1α and SGLT2.
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